The design of a continuous operation transonic research turbine facility is described. The purpose of this turbine rig is to provide an environment for the development of performance enhancing flow control technologies at conditions that are similar to those in real engines. The unique design features include using the power generated by the turbine to load-share with a motor to drive a centrifugal compressor which supplies the air to drive the turbine, and re-circulating most of the compressor discharge air to the turbine inlet to control the inlet temperature. The facility, as defined by the characteristics of the 500HP drive motor, centrifugal compressor, and piping system, can be used with a wide range of turbine blade designs. A number of design points are described based on a mean-radius analysis. High loading axial turbines can be tested in this facility at a pressure ratio of 2.1.
I. Introduction
Recent advances in flow control have demonstrated the potential for significant impact on the design and performance of modern gas-turbine engines. A detailed address of the various opportunities for flow control throughout the gas-turbine engine in terms of their impact on each engine component was given by Lord et al. 1 . Recently, Huang et al. 2, 3 examined plasma actuators for separation control in a low pressure turbine cascade flow. It was found that plasma actuators can be used to successfully control the separation over low pressure turbine blades. Separations due to low Reynolds number operation can cause a nearly 300% rise in pressure loss 4 and a one to two percent drop in turbine efficiency 1 . Morris et al. 5 investigated the use of active, blade mounted plasma actuators for flow control to alter the turbine tip flow field, which is a significant source of loss in turbines. The authors found the blade pressure is insensitive to the actuators but the downstream flow is sensitive to the actuator. The unsteady, blade mounted actuation can effectively alter the tip flow field. Van Ness et al. 6 presented further results of the ability of plasma actuator toward minimizing the detrimental effect of the tip leakage on efficiency losses. Douville et al. 7 presented further results of the ability of plasma actuator in controlling turbine tip leakage flow in a transonic flow condition and compared with a passive flow control using squealers and partial squealers.
These studies provide promising results for improving turbine efficiency and thus turbine design. In transitioning these technologies to real engines, realistic evaluation is needed at conditions that are closer to real engines. The purpose of designing a new research turbine facility was to provide an environment for the development of active performance enhancing concepts at conditions that are closer to those in real engines, and to provide realistic evaluation before transitioning to more expensive tests in large government and industry facilities. This facility is being constructed in the new Advanced Performance Gas Turbine Laboratory at the University of Notre Dame.
II. Turbine Rig Scheme Design
Current rotating test turbine rigs include short duration facilities and long run time facilities. The short duration rigs can achieve full flow similarity to a high pressure turbine. However, the operation time is too short (on order of fraction of seconds 8 ) to obtain detailed flow information under various operating conditions and control parameters. Long run time facilities are typically low speed and low pressure ratio, and thus are not a satisfactory representation of the fluid dynamics in real engines. High speed, continuous running facilities do exist (see, e.g. Erhard 9 ). However, these facilities are expensive to operate, and thus are not well suited for fundamental research.
The turbine facility design presented here was based on the following design criteria. First, this facility must be configured for fundamental research, e.g. evaluating flow control technologies. Second, this facility must generate flow conditions that are similar to those in real engines, which means the test turbine blades must represent an advanced high performance turbine design and the operation point must reproduce a typical flow condition in a high performance turbine. Third, the facility must be safe to operate and the power consumption must not be too high.
The above design criteria are, however, conflicting. A high performance turbine requires high loading, high flow rate, and a high pressure ratio. As a research turbine, a proper size must be kept for the facility to be amenable for flow field measurements with adequate spatial resolution. All these will unavoidably lead to a very high power consumption that is not practical for a university laboratory. With these in mind, the above criteria are further specialized, and form a series of design boundaries for this rig: a continuous operation capable of reaching a loading coefficient higher than 3, flow coefficient no less than 0.5, a pressure ratio larger than 2, a mean diameter larger than 0.51m, and a required total facility power less than 500hp. The pressure ratio was chosen based on the power limitation and to be representative of typical low pressure turbine stages. A pressure ratio over 2 allows for choked stator flow depending on the reaction of the blades.
A diagram of the turbine rig scheme is shown in Figure 1 . Inspired by the long run time high speed transonic test-turbine facility in Austria (see Erhard 9 ) and the GE low speed research turbine 10 , the power generated by the turbine is used to load share with a variable-speed AC motor to drive a compressor, which supplies the air to drive the turbine itself. The design is economical in terms of power because the power of the motor is used only for balancing the power gap between the turbine and the compressor. To achieve a higher pressure ratio within the limited power, the compressor is placed downstream of the turbine as a vacuum pump. The shaft of the motor between the turbine and compressor was configured such that mechanical couplings can be attached at both ends. One end receives the turbine power through a torque meter. The other end drives the compressor through a gearbox with the sum of the turbine and motor power. This arrangement also provides open space at the inlet to the turbine for easy access.
To avoid the condensation and freezing due to the large temperature drop after the turbine, a large amount (depending on turbine design and required turbine downstream temperature) of the compressor discharge air is recirculated back to the turbine through a mixing chamber to keep the temperature after turbine close to the laboratory temperature. The temperature into turbine is controlled by varying the amount of re-circulated mass flow using a 
III. Component Development

A. Compressor
The selection of a suitable compressor for the facility required consideration of a number of factors. First, the compressor shaft is mechanically linked to the motor/turbine through a gearbox, and thus their speeds are linked by a fixed ratio. Second, the mass flow rate of the compressor at its aerodynamic design point should match that of the turbine including any auxiliary cooling flows. Lastly, the pressure ratio provided by the compressor must be able to accommodate both the turbine as well as any pressure losses throughout the piping system. Furthermore, the compressor's capacity (discharge flow rate and pressure condition) must to be adjustable at a fixed speed for trimming the compressor's operation point to fit with that of the turbine since the compressor and the turbine may not match each other perfectly. An adjustable compressor capacity is also required to test turbines with different designs, and to test the same turbine at different operation conditions, e.g. with/without cooling. Therefore a variable inlet guide vane (IGV) and diffuser vane (DV) system was deemed necessary to adjust the compressor capacity at a fixed speed.
An off-the-shelf single stage centrifugal exhauster, ROOTS OIB-35-22, was chosen in the rig design. The compressor was furnished with an anti-surge system and a Lufkin model N800C speed increaser with gear rated for 1000 HP to increase the motor/turbine's rpm to the compressor operation rpm. The compressor's performance is important to the rig design because the turbine parameters directly depend on the compressor. Figure 2 shows the performance curves at the 100% speed of 13,530rpm and its design operation point (square symbol). It is able to produce a vacuum of 41.9kPa (pressure ratio of 2.43) at a mass flow rate of 5.1kg/s and a required power of 890HP. The discharge total pressure was set to 2.8kPa higher than the atmospheric pressure to overcome the piping and silencer pressure losses. As also shown in Figure 2 are the curves with different IGV and DV positions (10% to 100% open). It can be seen that with the variable IGV and DV, the compressor can reach 45% of the design mass flow with the same design point inlet pressure. The turbine operation point can be any point in the region under the surge line (dotted curve) and the 100% open performance curve.
B. Motor
A custom made variable speed motor was chosen to rotate the turbine/compressor combination. It is capable of generating 500HP at 5000rpm, with a maximum of 5250rpm. The shaft of the motor was specified to accept the torque generated by the turbine and transfer it to the compressor. The value of 5000rpm was chosen because at this rpm a test turbine can reach a typical low pressure turbine pressure ratio with a reasonable turbine blade size and an acceptable required motor power. Since both the turbine and compressor's power varies with the cube of rpm, the maximum rpm is limited by the motor's maximum power. The 5% overspeed ability matches with that of the compressor to give extra test speed range.
The starting problem was examined because the motor shares the load with the turbine which is driven by the compressor. Without any help from the turbine, the motor torque is enough to run the compressor up to a 74% speed with the IGV and diffuser vanes 100% open. A concern is that the turbine power may be less than expected because the flow in the turbine may deteriorate due to laminar separation at some specific partial speed. However, the selected motor can provide a maximum of 150% the design torque for acceleration or deceleration continuously for 40 seconds, with a 20% duty cycle. The motor/drive will automatically maintain the commanded speed, acceleration, or deceleration within the torque limits of motor/drive combination. The 150% overload torque equals the required driving torque at 97% compressor speed. The motor/drive can therefore pass through those speeds when turbine power might be deficient.
The possibility of a failure in the drive system was an important consideration in terms of preventing the turbine from over-speeding. Specifically the gear box and torque meter are the "weak links" in the drive chain. To prevent the turbine from over-speeding, three encoders will be used to sense the turbine, motor, and compressor shaft speeds. The signals will be sent to the controller of the motor drive. From a given fault detection, the motor can brake at 150% design torque. This will stop the turbine rotor in roughly 7.5 seconds.
C. Piping design
A detailed schematic of the turbine facility is shown in figure 3 . A 3-dimensional outline of the facility and pipeline is shown in Figure 4 . The pressure losses in all the pipe sections and flow path components were predicted in the turbine design calculations to determine the turbine and compressor inlet flow conditions. The piping was designed with an emphasis towards minimizing pressure losses. A diameter of 0.61m was selected for all the pipes to reduce the losses and increase the pressure ratio available to the turbine. The exit flow from the turbine passes through an annular diffuser with an expansion ratio of 2.5. This decelerates the flow before entering the downstream collector and provides some static pressure recovery. The total pressure and total temperature at this point are approximately 44.7kPa and 300K respectively.
A fast closing valve will be used to stop the turbine if the torque meter or shaft between the turbine and motor fails and the turbine tends to overspeed. The fast valve has a closing time of 0.5 seconds. It is placed downstream of the turbine flow collector and will completely close the pipe if an overspeed is detected. The shut down of the fast valve will trigger the compressor's anti-surge system. The motor can also sense the speed change of the turbine and immediately brake the compressor.
A venturi meter will be used to measure the total mass flow rate (including the turbine flow and cooling flow) to the compressor.
The compressor discharge flow is at a temperature of 411K, and approximately atmospheric pressure. To make the turbine inlet temperature as uniform as possible, the inflow from atmosphere and the re-circulated flow will be mixed sufficiently far upstream of the turbine inlet. An in-line mixer will be used in the back flow pipe to accomplish this. Two butterfly valves will be used to adjust the back flow and inflow rate. The mixed flow will go through a settling chamber which has a sound barrier and several screens to enter the turbine inlet.
D. Turbine
A mean-radius turbine aerodynamic design has been conducted and is presented in the next section. Some general aspects of turbine structure/configuration design are addressed.
A cantilevered turbine rotor structure is used since this arrangement can open the space upstream the turbine for easy access during measurements. Pre-swirl vanes and 2 nd or deswirler vanes can be used to adjust the turbine inflow and exit-flow angles.
Magnetic bearings will be utilized in this facility for variable tip/gap control that can provide different initial or boundary conditions for flow control demonstrations. A rotordynamics analysis was conducted. The results show that the 1 st bending mode was 20% higher than the design operation speed. As a warm turbine facility, turbine heat transfer and cooling flow are important future research areas. In this rig, the cooling flow is planed to be drawn directly from atmosphere and be fed to the rotor blades, the gaps between the rotor and stator. This will use thermally-isolated tubes that are embedded in pre-swirl vanes, or 1 st and a 2 nd stator vanes.
IV. Turbine Design Point Region
Design calculations were conducted based on the turbine rig scheme, pipe design, compressor performance, and the motor information. Turbine mean-radius design calculations were made, and integrated with the compressor performance curves and pressure loss calculations for the other flow path components. These calculations provide the different possible turbine design points that can be tested in this facility.
For the turbine mean-radius design, the inputs include: loading coefficient ψ , flow coefficient φ , degree of reaction , mean diameter , hub to tip ratio at the turbine inlet 
N
The flow path pressure losses were estimated first before the turbine design calculation to give the inlet flow conditions for the turbine and compressor. Those estimates were verified after the turbine design calculation through a detailed pressure loss calculation of all the flow path components including of piping, elbows, diffusers, valves, chambers, struts, etc. Compressor performance curves were used to check if the flow was within the compressor's capacity. Finally the required motor power was checked. Iterations were needed to reach a final turbine mean-radius design.
Results of several turbine design cases with loading coefficients of 2 to 3.85, and flow coefficients of 0.5 to 0.8 are given in Table 1 . These results reveal that a significant region of turbine designs in terms of loading and flow coefficients can be tested in this facility to reach a pressure ratio over 2.1. For cases with loading coefficients over 3 (cases C and D), the rotor blade height would be 86 to 114mm with a mean diameter from 0.533 to 0.457m. For cases with loading coefficient 2.05 and 2 (cases A and B), the mean diameter has to be increased to 0.686m to reach the same pressure ratio of 2.1. The blade height thus becomes smaller (53 to 34mm) because of the limitation of the compressor's maximum mass flow. It is interesting that if we keep the mean diameter of 0.533m for a loading of 2.05 (case A'), a 62mm in height turbine rotor blade can be tested at a pressure ratio of 1.64. Increased the flow coefficient and the same loading requires an increase in the turbine inlet hub to tip ratio in order to keep the same American Institute of Aeronautics and Astronautics mass flow rate (cases B and E). In summary, in this facility, the blade height increases with loading coefficient, decreases with flow coefficient.
In figure 5 we added the turbine design points in Table 1 into the stage loading versus flow coefficient plot from Mattingly 11 . The design points of some existing industry research turbines 12, 13 are also shown. The simultaneous control of the air inlet conditions that can be obtained with the compressor and motor settings allow a fairly large region of (φ, ψ) operating space. 
V. Conclusions
The design of a transonic turbine test facility that is intended for studying active flow control has been presented. With the utilization of the turbine power and regeneration of the compressor discharge air, a low pressure turbine flow with controlled inlet temperature and internal cooling can be simulated with a relatively low net power requirement. The design results show that a high loading turbine can be tested in this unique facility to reach a pressure ratio of 2.1. This facility complements existing low speed turbine rigs and high speed short duration/continuous operation facilities, and can provide an environment similar to those in real engines for the development of performance enhancing concepts. 
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